1. Introduction {#s0005}
===============

Smith-Lemli-Opitz syndrome (SLOS, OMIM [270400](270400){#ir0005}. locus 11q13.4) is an inborn error of cholesterol biosynthesis [@bb0005], [@bb0010], [@bb0015]. It is an autosomal recessive disorder with a reported incidence of 1 in 10,000--70,000 and a carrier frequency as high as 1 in 30 in Caucasian populations [@bb0015], [@bb0020], [@bb0025]. Clinical manifestations include physical dysmorphias and cognitive impairments that vary in scope and severity. Several organ systems are affected, particularly the central nervous system (CNS), heart, kidneys, genitalia, and limbs. Typical features include 2--3 toe syndactyly, craniofacial malformations, and growth and developmental delays. Feeding and behavioral abnormalities are also common among SLOS children [@bb0005], [@bb0030], [@bb0035], [@bb0040].

SLOS results from mutations in the *DHCR7* gene, which encodes 7-dehydrocholesterol reductase (EC 1.3.1.21, 3β-hydroxysterol-Δ^7^-reductase), the last enzyme in the Kandutsch-Russell pathway of cholesterol biosynthesis, and converts 7-dehydrocholesterol (7-DHC) to cholesterol [@bb0010], [@bb0015], [@bb0045]. The resulting loss of enzyme activity leads to an overall cholesterol deficiency and markedly elevated levels of its precursor, 7-DHC, and in some tissues its isomer, 8-DHC [@bb0050]. Severe cases of SLOS resulting in perinatal lethality generally carry DHCR7 null mutations in both alleles while typically affected individuals retain some residual enzyme activity [@bb0055], [@bb0060], [@bb0065]. Diagnosis for SLOS is based on elevated levels of 7-DHC as measured by Gas Chromatography/Mass Spectrometry (GC/MS) in patient serum or plasma, or in the amniotic fluid or chorionic villi samples in prenatal cases [@bb0070]. An alternative, non-invasive, prenatal diagnostic test for SLOS relies on the presence of elevated levels of fetal 7- and 8-DHC derived dehydrosteroids in maternal urine [@bb0075].

Severely reduced cholesterol is predicted to have dramatic consequences due to its quintessential role in normal cell physiology and in both embryonic and postnatal development. Cholesterol is a major component of cell and organelle membranes and vesicles, lipid rafts, and of the myelin sheath that surrounds the white matter of the brain, central and peripheral nerves. It is an effector of hedgehog signaling, and is a precursor of steroid hormones and bile acids. Its shortage, thus, leads to developmental and neurological consequences contributing to the pathology of SLOS [@bb0040], [@bb0080], [@bb0085], [@bb0090]. Further compounding this problem is the build-up of its precursor 7-DHC, which can get incorporated in membranes, altering integral properties such as fluidity, dipole potentials, domain structure, interactions and functioning of resident membrane receptor proteins. 7-DHC is also highly reactive and is rapidly converted to toxic oxysterols, which can exert deleterious effects on cells and tissues [@bb0095], [@bb0100], [@bb0105].

At present, there is no cure for SLOS and efforts are mainly directed towards treating symptoms and correcting the underlying cholesterol deficiency. The current standard for SLOS treatment involves dietary supplementation through high doses of food-based or formulated cholesterol [@bb0110]. This form of therapy has limited scope. While some benefits to non-neuronal aspects, such as growth and biochemical parameters are observed, neuronal or cognitive deficits remain unchanged [@bb0115]. Reports of positive behavioral outcomes are anecdotal and were not confirmed in a clinical trial [@bb0120]. This is expected as the blood brain barrier (BBB) prevents the uptake of lipoprotein cholesterol from the circulation and the brain derives cholesterol primarily by de novo synthesis. Dysmorphias due to prenatal disease onset also remain untreatable unless amenable to surgical intervention. As maternal cholesterol is only available to the fetus during early gestation due to the formation of placental barrier, the presence of self-sustaining cholesterol synthesis in early fetal development is obligatory.

Gene therapy to restore DHCR7 activity offers several potential advantages over conventional dietary cholesterol supplementation [@bb0125]. Introduction of a functional copy of the defective gene, *DHCR7*, should theoretically correct both the cholesterol deficiency and the excess build-up of harmful 7-DHC in successfully transduced cells. The effect of gene therapy may be further extended based on the assumption of free exchange of lipoprotein particles carrying cholesterol and 7-DHC between transduced cells and untransduced cells resulting in a more global reduction of 7-DHC to cholesterol. That is, successfully transduced cells might act as active centers for the overall increase in conversion of 7-DHC to cholesterol. Gene therapy also allows the ability to control timing and to target specific organs for treatment, thus enhancing its effectiveness and scope. Treatment can be administered in adult, early neonatal or even prenatal stages, while administration by various routes and/or using different viral vectors can target various tissue types.

We have previously shown that systemic treatment of SLOS model mice with recombinant adeno-associated virus (AAV) vectors carrying human *DHCR7* (h*DHCR7*) cDNA provided positive biochemical and physiological outcomes [@bb0125], [@bb0130]. Effectiveness of treatment was assessed by measuring the 7-DHC/cholesterol (7-DHC/C) ratio in serum and tissues of treated and untreated SLOS mice, and their normal counterparts by analytical GC/MS methods. This ratio is typically elevated in untreated mice and very low in normal mice due to negligible amounts of 7-DHC. Gene therapy partially normalized this ratio in treated animals. Treated mice also showed improved growth rates as compared to untreated mice. Treatment was more effective when administered in neonates versus post-weaning juveniles. Transgene expression was detected in the target tissue, liver, a principle cholesterolgenic site, and the outcome was sustained for several weeks following a single dose. While positive biochemical effects as measured by reduced 7-DHC/cholesterol ratio were observed in the serum and liver of systemically treated SLOS mice, no effect on sterol levels were observed in the central or peripheral nervous tissues, i.e. the brain or sciatic nerves. Like cholesterol itself, AAV-DHCR7 particles did not effectively cross the blood brain barrier (BBB) from systemic circulation.

The objective of this study was to target gene therapy to the nervous system, particularly to the CNS, and restore sterol levels in the brain. Previous studies in lysosomal storage disease models have shown that intrathecal (IT) injection of AAV vectors into the cerebrospinal fluid (CSF) of affected mice was able to circumvent the BBB [@bb0135], [@bb0140]. A single injection resulted in widespread and long-lasting expression of the therapeutic enzyme in the brain and a marked reduction in storage bodies. To deliver DHCR7 directly to the brain, AAV type 8 vectors carrying a human DHCR7 cDNA were administered via IT injection into newborn SLOS mice. Treatment was administered in the neonatal stage as this corresponds to a period of rapid nervous system expansion and myelination, and dramatically elevated brain cholesterol synthesis. Cholesterol turnover in adult brain is very slow (4--6 months in mice) making intervention at a later stage likely to be less effective.

This study demonstrates that AAV vectors administrated via the IT route are able to deliver functional copies of *DHCR7* to the CNS, a tissue that has proved therapeutically challenging so far. More surprisingly, IT administration also had a positive effect on sterols in peripheral nerves, specifically the sciatic nerves. The ability to normalize cholesterol levels in nervous tissues, particularly the brain, the most cholesterol-rich of all tissues, should have dramatic and far-reaching implications affecting overall organ function, cognition and behavior.

2. Methods {#s0010}
==========

2.1. Animal husbandry {#s0015}
---------------------

Animal work conformed to NIH guidelines and was approved by the Institutional Animal Care and Use Committee. The animals were maintained in an AALAC certified facility and fed normal, cholesterol-free chow (Teklad irradiated rodent diet 2918: Harlan, Madison, WI).

2.2. Generation of experimental animals {#s0020}
---------------------------------------

Use of mutant mice and their breeding protocol was as previously described [@bb0145]. In brief, our study animals were generated by crossing two separate mouse models of SLOS: heterozygous null mutant females carrying a partial deletion of *Dhcr7* (Δ/+) [@bb0150], and homozygous mutant males, carrying a hypomorphic point mutation (T93M) [@bb0155]. Both models were on FVB genetic backgrounds that had been backcrossed for several generations (\> 14) to minimize extraneous genetic heterogeneity. Mice were genotyped using toe clippings two days after birth. Δ/T93M mice, which exhibit the most severe, yet viable phenotype of the disease [@bb0155], were injected the following day with vector (treated group) or saline (control group). The Δ/T93M mice exhibit classic SLOS symptoms, such as elevated 7-DHC/C ratios in the serum and tissue, decreased size compared to normal (T93M/+) littermates, and sporadic syndactyly. Littermates having the Δ/T93M genotype were assigned to each experimental group (AAV-treated and saline-treated). Males and females were included in both groups; no apparent correlation has been noted between gender and 7-DHC/C ratios [@bb0125].

2.3. Preparation of AAV2/8 Vectors {#s0025}
----------------------------------

Vector construction, production and purification were as described previously [@bb0125]. h*DHCR7* cDNA was cloned into the EcoRI site of the pV4.1c plasmid, which contained a CMV promoter/enhancer and AAV2 inverted terminal repeats. A woodchuck hepatitis virus post-translational regulatory element (WPRE) was included at the 3′ untranslated end of the *DHCR7* to increase translational utility. AAV2/8-DHCR7 particles were produced by triple-transfecting HEK293 cells with plasmid pV4.1c-DHCR7, an AAV2/8 packaging plasmid, containing an AAV2 rep gene fused to an AAV8 cap gene [@bb0160], and a plasmid containing adenovirus helper genes [@bb0165]. DNA packaged in capsid was purified by Optiprep Gradient (Iodixanol) and 2 cesium chloride gradient centrifugations [@bb0170]. Finally, the viral vector was dialyzed against normal saline and the titer in vector genomes (vg) per ml was established by quantitative PCR (AAV-DHCR7 titer: 5.8 × 10^12^ vg/ml).

2.4. Treatment of SLOS mice and tissue collection {#s0030}
-------------------------------------------------

Experiments were conducted to examine the delivery of IT administered AAV2/8 packaged DHCR7 cDNA and the effect on sterol levels in the CNS. Three day old Δ/T93M SLOS mouse pups were anesthetized with isofluorane and intrathecally injected with a single 30 μl dose of either AAV-DHCR7 or saline. Injections were performed using a 30-gauge needle, pumped at a controlled rate of 10 μl/min between the vertebrae in the lumbar region of the neonatal pups. Green dye was mixed with the vector and saline as a visual aid to monitor the injection process. A successful injection resulted in the dye appearing only in the brain and spinal cord. Mice were then allowed to recover on a heat pad and then returned to their mothers. Mice were sacrificed eight weeks post injection, and brain, spinal cord, sciatic nerve and liver harvested. All organs were immediately flash frozen in liquid nitrogen and stored at − 80 °C until needed.

2.5. Analysis of cholesterol and dehydrocholesterol by GC/MS {#s0035}
------------------------------------------------------------

For sterol extraction, tissues were first powdered in liquid nitrogen to ensure homogenous sampling. An aliquot (10--50 mg) of powdered tissue, or a single sciatic nerve was used for sterol extraction as previously described (25, 26). An internal standard (stigmasterol) was added to the samples, which were then saponified. Afterwards, the samples were extracted and derivatized with N,O-Bis (tri-methylsilyl)trifluoroacetamide (BSTFA) to form the trimethylsilyl (TMS) derivatives. The derivatives were solvated in cyclohaxane and transferred to autosampler vials for analysis by GC/MS. To prevent conversion of 7-DHC to previtamin-D3, all tubes were protected from light by foil covers, and the entire procedure conducted under reduced lighting conditions. Analysis was as previously described using an Agilent 7890A/5975C Gas Chromatography/Mass Spectrometry instrument with a DB1 column [@bb0125], [@bb0145], [@bb0175]. Calibration curves were prepared daily for each analytical batch by combining increasing amounts of the analytes with a fixed amount of stigmasterol, followed by derivatization and solvation in cyclohexane.

2.6. Nucleic acid extraction and analysis {#s0040}
-----------------------------------------

DNA and RNA were simultaneously extracted from a small sample of powdered brain using the Qiagen Allprep DNA/RNA Mini Kit (Qiagen). Presence of DHCR7 DNA was confirmed by polymerase chain reaction (PCR) from brain DNA preparations using a commercial primer pair specific for human h*DHCR7* cDNA (Origene) followed by gel electroporesis. Transgene expression was detected by reverse transcription (RT) of brain RNA using oligo dT primer followed by PCR using the h*DHCR7* primer pair. Transgene copy number was calculated by quantitative PCR (qPCR) using the standard curve method and measuring florescence of SYBR green bound to amplified h*DHCR7* DNA. A standard PCR protocol was used for all primers: 95 °C for 10 min; 40 cycles of 95 °C for 10 s, 60 °C for 15 s and 72 °C for 10 s; followed by 95 °C for 5 s, 65 °C for 1 min, and 97 °C continuous to generate the melting curve. The conserved mouse housekeeping gene, fatty acid binding protein (Fabpi, NC_000069.6), which is present at a single copy per genome, served as an internal control. Transgene expression was quantified by RT-qPCR using the h*DHCR7* primer pair and ΔCt calculated relative to levels of mouse glyceraldehyde 3-phosphate dehydrogenase (GAPDH, NC_000072.6) mRNA, which served as the internal control. Reaction conditions for hDHCR7 and mGAPDH were optimized to give comparable efficiencies, 110% for hDHCR7 and 93% for mGAPDH. Transgene expression levels are represented as 2^-ΔCt^ where ΔCt = (Ct ~(hDHCR7)~-Ct ~(mGAPDH)~). All quantitative real-time PCR analyses were performed using an ABI 7900 instrument and accompanying software as per manufacturer\'s instructions.

2.7. Statistical analysis {#s0045}
-------------------------

Time-course data for tissue sterol ratios in SLOS mice are represented as means from 6 animals at each time point, and variation is represented as ± standard error of the mean (SEM). For evaluating the effect of AAV-DHCR7 compared to saline on the sterol ratio in SLOS mice, unpaired analysis using the non-parametric Mann--Whitney test was performed as the data did not meet the criteria for a normal distribution. P-values were based on two-tailed analysis and values lower than 0.05 were taken as significant.

3. Results {#s0050}
==========

3.1. Sterol levels in the central and peripheral nervous system {#s0055}
---------------------------------------------------------------

Cholesterol biosynthesis is clearly very important for brain and nervous system development. It plays a fundamental role in neurotransmission as an integral component of synaptic vesicles and myelin. Brain cholesterol synthesis is known to spike in the perinatal phase to meet the demand for growth and myelination. We have previously shown in a Δ/T93M SLOS mouse model that the 7-DHC/cholesterol ratio in the brain is very high during the first 4 postnatal weeks, being the highest at birth, and gradually approaches normal levels by 8--12 months [@bb0175]. These results in brain were obtained from mice with a mixed genetic background. Subsequent backcrossing to obtain a uniform C57BL/6 background resulted in dramatically reduced viability of SLOS mice making further experimentation challenging. Viability was restored by backcrossing the SLOS mutations into a homogenous FVB/N background as described in the methods section. Information of cholesterol homeostasis in the peripheral nervous system (PNS), also a heavily myelinated tissue, and its status in SLOS cases is largely unexplored. Therefore, using Δ/T93M mice with a FVB/N background, we characterized age related changes in cholesterol insufficiency and 7-DHC accumulation in the CNS (brain and spinal cord) and the PNS (sciatic nerves).

In line with our earlier studies, the 7-DHC/cholesterol ratio in brain was high at 1 month, declined dramatically by 2 months and then continued to decline more slowly for several more months ([Fig. 1](#f0005){ref-type="fig"}A). Spinal cord and sciatic nerve showed similar patterns over time ([Fig. 1](#f0005){ref-type="fig"}B and C). Interestingly, however, the sterol ratios in sciatic nerve were 2--4 times higher than the ratios in brain or spinal cord. These results imply that therapeutic intervention should be early and should target both the CNS and PNS.

3.2. Intrathecal injection in neonatal mice {#s0060}
-------------------------------------------

All experiments were performed using SLOS mice with the Δ/T93M genotype in a FVB/N genetic background. Anesthetized 3 day old mice were administered AAV-DHCR7 or saline via injection between the vertebrae in the lumbar region directly into the CSF. Successful IT injection was confirmed by the accumulation of tracking dye in the CNS space, i.e. spinal cord and brain ([Fig. 2](#f0010){ref-type="fig"}). This is indicative of successful delivery of vector to the CNS. These mice were allowed to recover and tissues collected for analysis 8 weeks post-injection.

3.3. Delivery of viral DNA and mRNA expression of the transgene h*DHCR7* in the brain {#s0065}
-------------------------------------------------------------------------------------

To determine effectiveness of AAV vector delivery via IT injection into the brain, presence of the h*DHCR7* transgene was confirmed in brain DNA preparations by PCR analysis using sequence specific primers. As seen in [Fig. 3](#f0015){ref-type="fig"}A (lanes 1--5) only animals treated with vector particles show the presence of a 123 bp DNA band corresponding to the PCR product for the human *DHCR7* cDNA in brain DNA preparations. This band is absent in the brain DNA of saline-treated animals (lanes 6--10). Brain DNA of all animals show presence of the reference nuclear gene ([Fig. 3](#f0015){ref-type="fig"}B). These results confirm that IT administration of AAV vectors was successful in delivering DHCR7 cDNA to the CNS, and that the presence of transgenes persisted for at least 8 weeks post-treatment.

To determine if the delivered DHCR7 transgene is expressed in the brain, RNA isolated from vector and saline treated brain tissue was converted to cDNA via reverse transcription (RT) and subjected to PCR analysis. [Fig. 4](#f0020){ref-type="fig"} A shows the presence or absence of the 123 bp PCR product specific to h*DHCR7* cDNA. Expression of h*DHCR7* mRNA was seen in the brains of all vector treated mice (lanes 1--11). In contrast, preparations from saline-treated animals showed no *DHCR7*-specific amplification product (lanes 12--17). All samples showed mRNA expression of the mouse *GAPDH* reference gene, indicative of successful RT reaction ([Fig. 4](#f0020){ref-type="fig"}B).

These results confirmed that IT injection with AAV vectors was able to deliver a functional copy of h*DHCR7* to the brain. Furthermore, the transgene was capable of expression for at least 8 weeks post-treatment.

3.4. Sterol levels in the CNS after IT injection with AAV-DHCR7 {#s0070}
---------------------------------------------------------------

Accumulation of 7-DHC, generally accompanied by cholesterol insufficiency in the serum, plasma and tissues, is the characteristic biomarker of SLOS. The 7-DHC/C ratio is used as an indicator of biochemical severity and is elevated in SLOS mice (Δ/T93M), whereas this ratio is close to zero in normal animals (+/+, Δ/+ or T93M/+). The goal of IT administered gene therapy was to minimize this ratio in the CNS, which so far has remained unresponsive to systemic gene therapy efforts or dietary cholesterol supplementation. To determine whether the IT delivery of h*DHCR7* via AAV vector indeed was able to normalize the reduction of dehydrocholesterol to cholesterol, sterol levels were measured by GC/MS in the CNS tissues of SLOS mice eight weeks post-treatment. Unlike the serum and liver, the CNS tissues showed substantially increased levels of 8-DHC in addition to7-DHC. Thus, the ratio of total DHC (7- and 8-DHC)/cholesterol was measured to estimate effectiveness of treatment. Other potentially affected sterols, desmosterol and 7-dehydrodesmosterol, were close to background levels in the nervous tissues and were not quantified.

Results for the treated and untreated SLOS mice are shown in [Fig. 5](#f0025){ref-type="fig"}. Sterol analysis shows that in both CNS tissues, the brain and spinal cord, the DHC/cholesterol (DHC/C) ratio was significantly improved. Although IT gene therapy partially restored sterol levels in the CNS, ratios were still greater than in normal mice. Reduction of DHC/C was \~ 40% in both brain (P = 0.0275) and spinal cord (P = 0.0027) of treated versus control SLOS mice. These results show that IT injection of vector into the CSF of neonatal SLOS mice improved sterol levels in the CNS implying that functional DHCR7 was expressed in these tissues.

3.5. h*DHCR7* Transgene copy number and mRNA expression levels correlate with DHC/cholesterol ratio {#s0075}
---------------------------------------------------------------------------------------------------

Although we injected a constant dose of vector to each newborn, the delivered dose to the CNS was variable. That is, some injections were more successful than others in delivering vector (and dye) into the IT space. We therefore compared the successfully delivered dose to the effect on sterol metabolism in brain. Quantitative PCR analysis was performed to determine transgene copy number in the brain using the standard curve method and mouse nuclear gene *Fabpi* for normalization. Expression of h*DHCR7* mRNA was measured using ΔCt relative quantification analysis by comparing expression to the mouse reference mRNA, *GAPDH*. Both transgene copy number and relative mRNA expression of h*DHCR7* showed a significant negative correlation with DHC/cholesterol ratio ([Fig. 6](#f0030){ref-type="fig"}). This indicated that brains with more h*DHCR7* DNA copies had higher expression of h*DHCR7* mRNA and lower DHC/cholesterol ratios.

3.6. Effect on sterol levels in sciatic nerves of IT-treated neonatal mice {#s0080}
--------------------------------------------------------------------------

PNS myelination is not well characterized in SLOS, and the effect of dietary cholesterol supplementation, or gene therapy with a functional *DHCR7* gene is unknown. In separate experiments, efforts to treat the PNS by intravenous (systemic) administration of AAV-DHCR7 to neonatal mice were unsuccessful (data not shown). Therefore, following the IT administration of AAV-DHCR7 to newborn mice, sterol levels were also measured in the sciatic nerves, and DHC/cholesterol ratios were compared to ratios in sham-treated and normal mice. Sterol ratios in the sciatic nerves of (Δ/T93M) SLOS mice showed an even more dramatic improvement than in brain and spinal cord ([Fig. 7](#f0035){ref-type="fig"}). While still higher than normal mice, the vector-treated mice showed \~ 60% reduction in DHC/cholesterol ratio as compared to their saline-treated counterparts (P = 0.0087). Thus, IT administration of AAV-DHCR7 resulted in partial normalization of sterol levels in the PNS as well as in the CNS.

In spite of the relatively large effect on sterol metabolism, the presence of the h*DHCR7* cDNA or mRNA in sciatic nerve preparations was not reliably detected. This could be attributed to low amounts of total DNA and RNA obtained due to the small amount of starting tissue (single sciatic nerve samples were extracted and each weighed \~ 2--4 mg). In these samples the nuclear reference gene *Fabpi* and the reference mRNA *GAPDH* were near the limits of detection, and h*DHCR7* sequences were not significantly above background.

3.7. Lack of systemic effect on sterol metabolism following IT administration {#s0085}
-----------------------------------------------------------------------------

Although AAV vector was delivered directly into the CSF via IT injection, we wanted to assess the effect on sterol ratios in peripheral tissues, such as the liver, which is a target for AAV-DHCR7 that has entered the circulatory system [@bb0130]. [Fig. 8](#f0040){ref-type="fig"} shows that while the sterol ratios in the treated animals were slightly lower than their untreated counterparts, the effect was not significant (P = 0.89). Thus, although a low level of systemic distribution following IT administration of vector was possible, the effect on normalization of sterol ratios was mainly restricted to the central and peripheral nervous systems.

4. Discussion {#s0090}
=============

It has been well-established, based on previous studies from our laboratory, that gene transfer using a functional copy of h*DHCR7* has the potential to partially normalize sterol levels in SLOS model mice [@bb0125], [@bb0130]. Furthermore, biochemical improvement was accompanied by physiological benefits. These studies were based on intravenous administration of AAV vectors; noted improvements were systemic, including liver and serum, but did not extend to the brain. Neither the viral vectors nor resulting cholesterol in circulation were able to alter sterol levels in the CNS due to the impenetrability posed by the BBB. SLOS, however, has substantial neurological consequences in addition to systemic malfunctions. Thus, the goal of this study was to extend the scope of gene transfer by targeting the CNS of SLOS mice and assess the effect on sterol levels.

In animals, the brain represents a separate major cholesterolergenic site in addition to the liver [@bb0090], [@bb0110]. Thus, cholesterol biosynthesis in this organ is very high, especially in the early post-natal period, to meet the demands for membrane and myelin formation that are required for nervous system expansion and development. Consequently, as observed by the 7-DHC/C ratio, cholesterol imbalance is particularly high in both the central and peripheral neuronal tissues of the Δ/T93M SLOS model mice ([Fig. 1](#f0005){ref-type="fig"}). To circumvent the BBB with the aim of normalizing sterol levels in the neuronal tissue, AAV-2/8 vector carrying functional h*DHCR7* was administered directly into the CSF of newborn SLOS mice via IT injection. This resulted in a dramatic and significant shift towards normalization of sterol levels in the CNS (brain and spinal cord) as assessed by reduction in the DHC/C ratio by GC/MS analysis. The presence of viral DNA as well as expression of h*DHCR7* mRNA confirmed the sustained effect of the transgene several weeks post-injection and established an apparent dose--response relationship.

Interestingly, a similar effect towards normalization of sterol levels was also observed in the sciatic nerves, which represent the PNS. Like the brain, sciatic nerve was resistant to systemic treatment, but responsive to IT administration of AAV-DHCR7. This suggests transport of either the vector itself or cholesterol, along the nerve path distal to the site of injection.

4.1. Conclusions {#s0095}
----------------

Our results show for the first time that delivering a functional copy of the DHCR7 gene is able to at least partially restore sterol levels in the CNS in a SLOS mouse model. This is an important consideration as neuronal and cognitive deficits are severe in SLOS, and dietary cholesterol supplementation, the present form of therapy for these patients, is unable to restore these deficits. While complete normalization of sterol levels to those observed in unaffected mice was not achieved, even partial correction may provide tangible, physiological improvements [@bb0130]. These experiments provide an initial basis to assess several parameters relevant to CNS biochemistry and function. The IT approach to vector administration is minimally invasive and based on results in non-human primates is likely to translate to humans [@bb0180]. Further studies employing IT gene transfer in SLOS model mice are needed to evaluate the improvement, if any, in structural and cognitive parameters, as well as to establish a critical level of biochemical normalization necessary to provide significant functional correction.
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![Kinetics of 7-DHC/cholesterol in the brain (A), spinal cord (B) and sciatic nerve (C) of SLOS mice. For each time point, the ratio is an average of 6 animals and the bars represent the standard error of the mean (SEM). A higher 7-DHC/cholesterol ratio is indicative of a greater biochemical imbalance. This ratio is very low (close to zero) in normal mice and does not change with age.](gr1){#f0005}

![IT injection into the CSF in a 3 day old mouse pup. Point of injection is indicated and delivery of dye to the spinal cord and brain is observed.](gr2){#f0010}

![Detection of human *DHCR7* DNA in brain 8-week after IT delivery of AAV vectors. (A) The h*DHCR7* specific band (123 bp) is seen only in IT injected animals (lanes 1--5), and is absent in the saline injected counterparts (lanes 6--10). Lane 11 represents a non-template control. (B) All brain DNA preparations show the presence of the reference nuclear gene *Fabpi* (the order of lanes is the same as in A except that lanes 10 and 11 are reversed).](gr3){#f0015}

![Expression of mRNA in brain. RNA extracts from brains of AAV-DHCR7 treated (lanes 1--11) and saline treated (lanes 12--17) mice were tested for h*DHCR7* mRNA (A) and mouse *GAPDH* mRNA (B). Non-reverse transcriptase treated samples showed the absence of h*DHCR7* or *GAPDH* specific PCR product confirming that the amplification products result from mRNA derived cDNA rather than from the presence of contaminating DNA (data not shown).](gr4){#f0020}

![Partial normalization of cholesterol metabolism. DHC/cholesterol in the brain (A) and spinal cord (B) of treated (n = 11) and untreated (n = 5) SLOS mice and their normal (T93M/+) littermates (n = 6). SLOS mice were treated IT with 30 μl of AAV-DHCR7 or saline at 3 days of age and sterol analysis by GC/MS was performed at 8 weeks post-treatment. DHC is the sum of 7-DHC and 8-DHC. Statistical analyses were performed using the non-parametric Mann--Whitney test.](gr5){#f0025}

![Correlation of DHC/C ratios with h*DHCR7* DNA and mRNA in brain. (A) Transgene (h*DHCR7*) copy number versus DHC/C shows an exponential relationship with a correlation coefficient of r^2^ = 0.82. (B) Relative h*DHCR7* mRNA levels expressed as 2^− ΔCt\ (Ct^~(h*DHCR7*)~^− Ct^~(m*GAPDH*)~^)^ versus DHC/cholesterol similarly shows an exponential relationship with a correlation coefficient of r^2^ = 0.73.](gr6){#f0030}

![Partial normalization of cholesterol metabolism in sciatic nerve. Ratios of DHC/cholesterol in the sciatic nerve of SLOS mice treated IT with AAV-DHCR7 (n = 11), or saline (n = 5) and their normal littermates (n = 6) were compared. Tissues were collected 8 weeks after treatment of 3-day old mice, DHC is the sum of 7-DHC and 8-DHC, and the non-parametric Mann--Whitney test was used for statistical analysis.](gr7){#f0035}

![Sterol analysis in the liver of IT-treated SLOS mice. The 7-DHC/cholesterol ratio remains unchanged in AAV-DHCR7 (n = 9) versus saline (n = 5) at 8 weeks post-treatment. As 8-DHC levels are negligible in the liver, only 7-DHC levels were measured. Statistical analysis was performed using the non-parametric Mann--Whitney test.](gr8){#f0040}
